Abstract: Artificial optical activity can be realized using chiral metamaterials, in which chirality is normally implemented with rotationally stacked planar structures. However, such geometries usually suffer from great loss and limited operation bandwidth, which may hinder their usage in many applications. In this study, by incorporating genetic algorithm for geometry optimization, we present designs of helix metamaterials that exhibit high transmission above 95% and a broad bandwidth with low ellipticity. The optical characteristics are described, and the nature behind the high transmission and broad bandwidth is discussed.
Introduction
Optical activity, the ability of chiral media by which the polarization plane of light can be rotated, is of significant importance in many fields, e.g., biomolecular sensing, display technology, and optoelectronics [1] . Chirality from natural substances, however, is normally weak. Thanks to the rapid development of nano-fabrication, gyrotropic metamaterials revealing plasmonic-enhanced chiral responses have been successfully realized using advanced fabrication techniques, such as 3-D interference lithography and membrane projection lithography [2] , [3] . Chiroptical properties, including circular dichroism and optical activity, could now be tailored to achieve desirable characteristics by carefully designing the geometry and constituent of the chiral entity.
Many reported structures for optical activity are based on plasmonic elements arranged into planar, layer-by-layer geometries, e.g., twisted split ring resonator, bilayered rosettes, magnetic dimer, fishnet structure, etc. [4] - [11] . Chirality is induced via coupling between discrete layers, where the separation between layers determines the coupling strength. Chiral metamaterials composed of helix-shaped, metallic inclusions also exhibit chiroptical properties, which are directly associated with the chiral responses following the 3-D helical geometry. Electric and magnetic dipoles can be excited collinearly along the axis of the helix, giving rise to optical rotation and circular dichroism. Such helix-based metamaterials have been studied extensively from several aspects, demonstrating broadband, circular polarization-dependent properties [12] - [18] .
Previous reports of optical rotation implemented by stacking planar structures typically show transmission below 50% and limited functional bands at optical frequencies [4] , [9] . The operation regime is in proximity of resonance, which is partially responsible for the low transmission and narrow bandwidth. In this regard, the intrinsic chiroptical resonance and the broadband feature of helix-based metamaterials may resolve the limitations and provide a promising architecture for realizing high performance optical rotation at optical frequencies. In this study, we present the designs of helix metamaterials that exhibit a high transmittance above 95% at the communication window around 1.55 m and a broad operation band with ellipticity below 1%.
The geometrical parameters of the structures were optimized by genetic algorithm (GA). The geometries and optical properties of the optimized structures will be presented and the mechanisms behind the optical rotation with such high transmission and broad bandwidth will be discussed.
Method
The helical building block of the metamaterial under study is illustrated in Fig. 1(a) . It is comprised of N intertwined gold helices which are right-handed and half-pitched with a twisted angle of 360 =N. Given the pitch angle , diameter D, wire radius r , number of intertwined helices N, and lateral spacing a (i.e., the distance between the centers of two nearest inclusions in the periodic structure), the structure of the helix metamaterial can be uniquely defined. To ensure that the structures of interest produce a pure chiral response, the intertwined helices are arranged in a symmetric configuration, such that wave propagation at normal incidence can take place without the presence of linear birefringence [19] . In the simulation structure, the helical building blocks are arranged in a square lattice and rotated with 90 clockwise to each other in a unit cell. An illustration of the structure with N ¼ 1 is shown in Fig. 1(b) with a unit cell depicted by the square.
For optical characterization, simulations were carried out using a commercially available Maxwell's equations solver-FDTD Solutions [20] based on full-wave analysis and under periodic Bloch condition along x and y directions. The Lorentz-Drude model was employed to describe the dispersion of gold [21] 
where ! p is the plasma frequency, f 0 is the strength of resonance, and À 0 is the damping constant in the Drude term. The numbers of resonance k with frequency ! j , strength f j , and lifetime 1/À j are used in the Lorentz terms. With linearly polarized light incident along z direction, one is able to obtain the response of optical activity and circular dichroism. To evaluate the quantity of the gyrotropy of our design, the following equations were adopted [22] :
e ¼ jT þþ j À jT ÀÀ j jT þþ j þ jT ÀÀ j where T þþ , T ÀÀ , , and e represent the transmission coefficient of right-handed circular polarization (RCP), transmission coefficient of left-handed circular polarization (LCP), azimuth rotation angle, and ellipticity, respectively. The index m in (2) is an integer that is selected to confine within À90 to 90 . The magnitude of the azimuth angle indicates the rotatory power while that of the ellipticity implies the strength of circular dichroism of a chiral medium.
To acquire the optimized geometry, genetic algorithm (GA) [23] was incorporated into the simulations. GA, by which the goal is to minimize (or maximize) the fitness function of a system through the evolution and natural selection of objective variables, is a fairly robust and effective technique to deal with problems with multiple variables. In our case, the variables to be determined are the pitch angle , diameter D, wire radius r , and lateral spacing a. The numerical value of each parameter is first translated into a six-digit binary string. The initial population of the chromosome is randomly generated within predefined ranges of the parameters constrained as follows: 40 nm G r G 110 nm, 4r G a G 900 nm, 2r G D G 900 À 2r nm, and arcsinð2rN=ðDÞÞ G G 70 . These ranges can provide a sufficient search space while avoiding the metallic wires to contact each other to ensure a helical shape. In each iterative cycle, the optical properties are calculated with the full-wave electromagnetic solver described previously. The fitness value is evaluated for the candidate chromosomes in the population and those with the best fitness are preserved. The offspring for the next generation is produced by the crossover of the best-fitted individuals, until the number of offspring reaches the size of the initial population. Then, random mutations are introduced to the genes of the chromosomes, where some percentage of the binary digit may be altered (1 to 0 or 0 to 1) by a mutation rate. The same processes of fitness evaluation, crossover, and mutation are repeated to the new generation and the optimization continues over many generations. In our calculation, a steady convergence with no further improvement of the fitness value is achieved in 10 3 generations. Since pure optical rotation occurs between resonances with opposite ellipticity in helix metamaterials [24] , we define a fitness function, that warrants a low level of ellipticity while maintaining a large polarization angle around the wavelength of interest, as described by
where and e are the azimuth rotation angle and ellipticity. The factor 1% in the first term is chosen to restrain the magnitude of ellipticity of transmitted waves below a low level of 1%. With this fitness function, the optimized band can be located between the resonances, i.e., in the off-resonance region, which yields large optical rotation with high transmission. As f ¼ 0 represents the ideal case of a maximum rotation angle ð ¼ 90 Þ with no circular dichroism ðe ¼ 0Þ, applicable geometrical designs can be obtained by minimizing the fitness function.
Results and Discussion
The structural parameters of the helix metamaterials were optimized by GA at 1.55 m and the corresponding optical properties of the designed structures were examined. We first present the performance of helix metamaterial with N ¼ 1. The transmittance and optical activity are shown in Fig. 2 . Fig. 2(a) shows the RCP and LCP transmittances of the structures. We find no conversion between RCP and LCP waves (not shown here), which suggests that RCP and LCP waves are the eigenstates of the systems due to rotational symmetry. Both polarizations exhibit resonance properties as represented by strong absorption at resonance wavelengths. Between the resonances, there is a wavelength range that exhibits high transmission for both polarizations.
For a transmittance level above 90%, the wavelength ranges are from 1.13 m to 2 m for RCP and 1.43 m to 2.15 m for LCP. A crossing of the curves representing equally transmitted RCP and LCP can be observed, implying the point of zero ellipticity.
The corresponding azimuth rotation angle and ellipticity e are shown in Fig. 2(b) . The ellipticity is positive at the first resonance at 1.29 m and turns negative at the second resonance at 2.45 m. Over the wavelength range from 1.47 m to 1.88 m the structure exhibits a value of ellipticity below 1% and a maximum polarization rotation angle of 30 . Combining with the high transmission feature, our design demonstrates broadband and nearly transparent optical rotation at optical frequencies. The detailed numerical values of the geometrical parameters and performance of the structure are listed in Fig. 2(c) . The value of the fitness function f is 1.001 with a rotation angle of 27.38 and ellipticity of 0.3052% at 1.55 m. The corresponding structural parameters are determined to be ¼ 45:839 , D ¼ 366 nm, r ¼ 86 nm, and a ¼ 550 nm. The slab thickness is calculated to be 764 nm, and thereby, the rotatory power, in terms of rotation angle per thickness of one wavelength, is evaluated to be 55.55
=. The optical rotation can be further enhanced by increasing the density of dipoles in the helix metamaterial [24] . To examine the effect, we analyze the optical properties of helix metamaterials by increasing the number of intertwined helices N. Adopting the fitness function and GA, the performance of the helix metamaterial with N ¼ 4 is presented in Fig. 3 . Similarly, a band showing high transmission with a low level of ellipticity can be observed between the resonances. The corresponding geometrical parameters and performance of the structure are listed in Fig. 3(c) . We obtained a minimum value of the fitness function f ¼ 0:439 with a rotation angle of 50.49
and zero ellipticity at 1.55 m. The structural parameters were found to be . The slab thickness is calculated to be 811 nm, and the rotatory power is 96.50 =. The wavelength range for ellipticity below 1% is from 1.48 m to 1.69 m. Compared to the performance of N ¼ 1, a larger rotation angle comes at the expense of a smaller bandwidth and more complex structure. The transmittance decreases due to more metallic components that cause larger absorption. Nevertheless, a high transmission around 80% can still be achieved. The increase of N also results in a flat band of azimuth rotation between resonances as shown Fig. 3(b) , where the rotation angle is less sensitive to the wavelength change. At the short and long wavelength edges of the jej G 1% bandwidth, the differential rotation angles, defined as the change of angle per wavelength, are 0.054 =nm and À0:029 =nm for N ¼ 1, whereas those are 0.049 =nm and À0:001 =nm for N ¼ 4. To understand the high transmission and broadband properties of the helix metamaterials, we examined the plasmon behaviors and electromagnetic dipoles at resonance for N ¼ 1. Fig. 4(a) and (b) show the projected current densities at 2.45 m and 1.29 m driven by the normally incident x -polarized waves. Two and three current nodes can be observed in Fig. 4(a) and Fig. 4(b) , respectively. The two resonances represent modes of different order as indicated by the number of nodes, in which the helix can be considered as a resonator with the resonance frequency associated with the length of the helix [14] . Consequently, the operation band with low ellipticity can be further away from resonances and the transmission can be increased between two well-separated resonances. Such features are distinguished from the resonances resulting from hybridized modes in the stacked planar geometry [25] . With intrinsically weak inductive and capacitive coupling between discrete layers [26] , the splitting of the hybridized modes is normally narrow. As the operation band with low ellipticity is located between resonances, loss within the band can be quite high due to the proximity of resonance.
We also calculate the electric and magnetic dipoles in the helix through integrating over the charge and current densities [27] . Utilizing the formulas p ¼ R V ðrÞrdV , and m ¼ ð1=2Þ R V rÂ JðrÞdV , where and J represent charge and current density respectively, we obtain the dipole moments accordingly. The insets of Fig. 4 show the snapshots of the electric dipoles (p, blue Three current nodes can be seen at both ends and the midpoint of each helix. These results are obtained through integrating the magnitude of current density along the z axis. The insets on the right-hand sides of (a) and (b) show snapshots of the electric dipoles (p, blue arrow) and magnetic dipoles (m, red arrow) for the helix building blocks in the fourth quadrants through integrating over the charge and current densities. The positive signs ("þ") and negative signs ("À") plot on the helices depict the accumulation of positive and negative charges while the black arrows depict the current flows. arrow) and magnetic dipoles (m, red arrow). The positive signs ("þ"), and negative signs ("À") on the helices depict the accumulation of positive and negative charges while the black arrows depict the current flows. We can observe that the induced electric dipoles and magnetic dipoles in the helix are non-orthogonal, resulting in a cross-coupling effect of the electric and the magnetic energy as well as the optical activity [28] . The inner product of the electric and magnetic dipole is positive at 2.45 m while negative at 1.29 m. The different signs between the two resonances imply opposite ellipticity as well as opposite Cotton effect. Therefore, the superposition of the two opposite resonances gives rise to a zero crossing of ellipticity between the two. Furthermore, only specific handedness of light with a limited wavelength range can interact with the 3-D helical structure efficiently. As a result, the metal helix structure exhibits sharp resonances and can be quite transparent in the off-resonance regimes [16] . Since the band of interest is located between two well-separated resonances in our presented structures, a broad, transparent band with a low level of ellipticity can thus be obtained.
Conclusion
In conclusion, by incorporating GA into the FDTD method, we present optical rotation showing high transmission and broadband using intertwined helix-based metamaterials. The geometric designs of the structures were presented. Compared with the conventional planar designs, these helix-shaped devices could exhibit transmission above 95% and relatively wide bandwidth with a high optical rotatory power around the optical communication window of 1.55 m. The results demonstrate great potential for using helix metamaterials in polarization rotation devices and optoelectronic applications.
